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ORIGINAL ARTICLE EPIDEMIOLOGYTracking a hospital outbreak of KPC-producing ST11 Klebsiella pneumoniae
with whole genome sequencingY. Jiang1, Z. Wei2, Y. Wang1, X. Hua1, Y. Feng1,3 and Y. Yu1,2
1) Department of Infectious Diseases, Sir Run Run Shaw Hospital, 2) State Key Laboratory for Diagnosis and Treatment of Infectious Disease, First Afﬁliated
Hospital, College of Medicine and 3) Translational Medicine Centre, Zhejiang University, Hangzhou, Zhejiang, ChinaAbstractAn outbreak of carbapenem-resistant Klebsiella pneumoniae strains emerged at a hospital, and was tracked in order to understand the
spread of these infectious pathogens. A total of 66 K. pneumoniae strains were collected from sterile samples in 2012. The MICs of 20
antimicrobial agents were determined for all strains. Molecular typing was performed with pulsed-ﬁeld gel electrophoresis (PFGE).
Twelve blaKPC-producing K. pneumoniae strains isolated from ten patients were selected for whole genome sequencing. Phylogenetic
reconstruction of these 12 strains was performed by the use of single-nucleotide polymorphism (SNP) row sequences of each draft
genome sequence. Plasmids from the 12 strains were separated by S1 digestion and PFGE. The 12 K. pneumoniae strains isolated from
the ten patients were deemed to be representative of the hospital outbreak, owing to their similar PFGE patterns. These 12 blaKPC-
producing strains conferred multidrug resistance, which contrasted with the remaining 54, more susceptible, strains in the hospital.
Differences in SNPs between each draft genome of the blaKPC-producing strains partitioned the 12 outbreak strains into three
separate clades. The patients with each clade shared close hospital units. All 12 strains harboured at least one multidrug resistance
plasmid. Strains showing high-level resistance may facilitate nosocomial dissemination and result in an infectious pathogen outbreak.
Although the 12 blaKPC-producing K. pneumoniae strains possessed similar PFGE patterns, SNP variations throughout the genome
allowed the strains to be divided into three clades. These results suggest that three independent transmission events led to hospital-
wide dissemination of the outbreak strains.
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E-mail: yvys119@163.comIntroductionAntimicrobial resistance is a signiﬁcant problem for the treatment
of infectious diseases worldwide. Carbapenem-resistant Klebsiella
pneumoniae (CRKP) has emerged globally as a multidrug-resistant
hospital pathogen for which there are few treatment options [1].Clinical Microbiology and Infection © 2015 European Society of CClinical CRKP isolates classiﬁed by multilocus sequence typing
(MLST) as sequence type (ST)11 are widespread in China [2].
Because of rapid technological advances, whole genome
sequencing has emerged as a powerful tool in bacterial typing
[3,4]. Success in tracking worldwide epidemics [5–7], regional
outbreaks [8,9], foodborne outbreaks [10,11] and bioterrorism
agents [12] has demonstrated that the ﬁne resolution of whole
genome sequencing facilitates our understanding of the spread
of infectious pathogens.
In this study, we applied whole genome sequencing to track
an outbreak of CRKP in a hospital. The bacteria colonized ten
patients, and three deaths were attributable to K. pneumoniae
infection.Clin Microbiol Infect 2015; 21: 1001–1007
linical Microbiology and Infectious Diseases. Published by Elsevier Ltd. All rights reserved
http://dx.doi.org/10.1016/j.cmi.2015.07.001
1002 Clinical Microbiology and Infection, Volume 21 Number 11, November 2015 CMIMaterials and methodsIsolates and antimicrobial susceptibility testing
Sixty-six K. pneumoniae strains were collected from several
types of sterile sample from QuZhou People’s Hospital, China,
between January 2012 and December 2012. The sterile sample
types consisted of blood, bile, catheters, pleural effusions, ce-
rebrospinal ﬂuids, succus prostaticus, bronchoalveolar lavage
ﬂuids, and ascitic ﬂuids. The MICs of 20 antimicrobial agents for
all strains were determined with the disk diffusion or Etest (AB
bioMerieux, Solna, Sweden) method, and the susceptibility
breakpoint was interpreted as recommended by CLSI 2013 [13]
or EUCAST 2013 [14]. The modiﬁed Hodge test was per-
formed according to CLSI 2013 recommendations [13]. Twelve
blaKPC-producing K. pneumoniae strains (designated K6, K11,
K15, K22-1, K22-2, K28-1, K28-2, K45, K47, K48, K49, and
K50) isolated from ten patients (Pa6, Pa11, Pa15, Pa22, Pa28,
Pa45, Pa47, Pa48, Pa49, and Pa50) were selected for further
analysis.
Patients and clinical epidemiology
Demographic data, such as the patient’s name, gender, age,
clinical diagnosis, and location, the outcome, the time of
admission, the time of discharge, and the length of hospital stay,
were extracted from the patient administration system.
Pulsed-ﬁeld gel electrophoresis (PFGE)
All 66 strains were subjected to PFGE analysis. After the
genomic DNA had been digested with XbaI (Sangon, Shanghai,
China), the DNA fragments were separated by electrophoresis
in 1% agarose III (Sangon) in 0.5× Tris–borate–EDTA buffer
with a CHEF apparatus (CHEF Mapper XA; Bio-Rad, Hercules,
CA, USA). The conditions were 14°C and 6 V/cm with alter-
nating pulses at a 120° angle with a 5–35-s pulse time gradient
for 22 h. Salmonella enterica serotype Braenderup H9812 was
used as the size marker [15]. The restriction patterns were
analysed with BioNumerics 7.0 (Applied Maths, Sint-Martens-
Latem, Belgium).
Whole genome sequencing
Total DNA was extracted from the 12 blaKPC-producing
K. pneumoniae strains and sequenced with next-generation
sequencing technology (either Illumina HiSeq2000 with
2 × 100-bp paired-end reads, or Illumina MiSeq with 2 × 300-
bp paired-end reads). The derived short reads were assembled
into contigs with CLC Genomics Workbench 7.0 (CLCbio,
Aarhus, Denmark). MLST STs were identiﬁed by mapping the
assembled contigs against the K. pneumoniae MLST database on
the CGE server (https://cge.cbs.dtu.dk/services/MLST/) [16].Clinical Microbiology and Infection © 2015 European Society of Clinical Microbiology and InfectThe assembled contigs were screened for acquired antimi-
crobial resistance genes with the ResFinder 2.1 tool on the
CGE server (https://cge.cbs.dtu.dk/services/ResFinder/) [17].
Comparison of the draft genome sequence and complete
K. pneumoniae genomes in GenBank indicated that the ST11
K. pneumoniae strain JM45 (accession number NC_022082)
was closely related to each clinical strain, and could be used as
the reference genome.
Single-nucleotide polymorphisms (SNPs) and tree
To detect SNPs between the clinical strains and the reference
genome, paired-end reads of each strain were directly mapped
to the chromosome of the reference K. pneumoniae ST11 strain
JM45 with CLC Genomics Workbench. High-quality SNPs
(mapping coverage of >30 and frequency of >90%) were
selected and ranked in a row on the basis of their order relative
to the reference genome. Phylogenetic reconstruction was
performed by use of the SNP row sequences with the Mega 5.0
maximum-likelihood program [18].
Plasmid analysis
Plasmid DNA bands were separated from bacterial chromo-
some DNA by S1 digestion and PFGE. Total bacterial DNA
prepared in agarose plugs was digested with S1 nuclease and
separated with the CHEF-Mapper XA PFGE system. The
separated plasmid DNA fragments were transferred to nylon
membranes (Millipore, Bedford, MA, USA), hybridized with
digoxigenin-labelled speciﬁc probes, and detected with a nitro
blue tetrazolium/5-bromo-4-chloro-3-indolyl-phosphate colour
detection kit (Roche, Mannheim, Germany).
Accession codes
The whole genome sequences of the 12 KPC-producing
K. pneumoniae strains were deposited in the Short Read
Archive under study accession number SRP059578, with run
accession numbers SRR2064877 (K6), SRR2064844 (K11),
SRR2064879 (K15), SRR2064885 (K22-1), SRR2064887 (K22-
2), SRR2064888 (K28-1), SRR2064890 (K28-2), SRR2070616
(K45), SRR2070618 (K47), SRR2070619 (K48), SRR2070620
(K49), and SRR2070621 (K50).ResultsOutbreak caused by 12 blaKPC-producing
K. pneumoniae strains
In 2012, a total of 66 K. pneumoniae strains were isolated from
sterile samples in Quzhou People’s Hospital. Most of the strains
were capable of causing infectious disease. On the basis of PFGE
molecular typing, 12 K. pneumoniae strains were deemed to beious Diseases. Published by Elsevier Ltd. All rights reserved, CMI, 21, 1001–1007
CMI Jiang et al. ST11 Klebsiella pneumoniae outbreak 1003representative of an outbreak in the hospital, owing to their
similar PFGE electrophoresis bands. These 12 strains formed a
separate branch in the PFGE pattern tree. In contrast, most of
the remaining 54 strains showed sporadic PFGE patterns
(Fig. S1). The 12 strains were determined to be positive for the
production of carbapenemases by use of the modiﬁed Hodge
assay, and the presence of the blaKPC-2 gene was conﬁrmed with
conventional carbapenemase gene PCR screening.
Clinical and microbiological characteristics
The 12 blaKPC-producing K. pneumoniae strains were isolated
from ten separate patients (Table 1). Strain K50 was isolated
from patient Pa50 on 25 May 2012; this strain represented the
ﬁrst of the outbreak blaKPC-producing strains. Over the
following 36 days, another four strains (K49, K48, K47, and
K45) were isolated from four patients, giving an average of one
new K. pneumoniae infection case emerging every 9 days. Nearly
2 months later, on 6 September, strains K28-1 and K28-2 were
isolated from the same patient (Pa28); one sample was isolated
from the blood, and the other sample was isolated from a
catheter. During the same period, strains K22-1 and K22-2
were isolated from blood samples from the same patient
(Pa22) with a 20-day interval. Between 23 October and 10
November, strains K15, K11 and K6 were isolated from an
additional three cases that emerged over the course of 18 days.
The ten patients were admitted to four separate hospital units
(intensive-care unit (ICU), emergency ICU, neurosurgery, and
general surgery). Strain K47 was isolated from patient Pa47
after transfer from neurosurgery to the ICU, and strain K49
was isolated from patient Pa49, who was admitted to neuro-
surgery, the ICU, and the emergency ICU. All ten patients
suffered from infectious diseases around the time of sample
isolation; nine of the ten patients had pulmonary infections,
whereas the last patient (Pa45) was diagnosed with cholecys-
titis. During the outbreak, three patients (Pa6, Pa22, and Pa47)
died because of K. pneumoniae infection.TABLE 1. Characteristics of the ten patients and their isolated Kleb
Patient Age (years) Gender Floor Department Diagnosis
Pa6 84 Male 6 ICU Pulmonary in
Pa11 78 Male 6 ICU Pulmonary in
Pa15 56 Male 5 Brain surgery Pulmonary in
Pa22 55 Male 6 ICU Pulmonary in
Pa28 45 Female 3 Emergency ICU Pulmonary in
Pa45 73 Male 26 General surgery Cholecystitis
Pa47 80 Male 6 Brain surgery/ICU Pulmonary in
Pa48 57 Male 5 Brain surgery Pulmonary in
Pa49 70 Male 6 Brain surgery/emergency
ICU/ICU
Pulmonary in
Pa50 57 Male 5 Brain surgery Pulmonary in
CSF, cerebrospinal ﬂuid; ICU, intensive care unit.
Clinical Microbiology and Infection © 2015 European Society of Clinical Microbiology anAntimicrobial susceptibility testing
All 12 blaKPC-producing K. pneumoniae strains showed multidrug
resistance, particularly against carbapenems. According to the
antimicrobial susceptibility testing results, all 12 strains had high-
level resistance to piperacillin, ampicillin–sulbactam, piper-
acillin–tazobactam, amoxycillin–clavulanic acid, ceftazidime,
cefotaxime, cefepime, cefoxitin, aztreonam, gentamicin, amika-
cin (all >256 mg/L), imipenem, meropenem, ertapenem, cipro-
ﬂoxacin (all >32 mg/L), and fosfomycin (>1024 mg/L).
Comparative antimicrobial susceptibility was maintained only
against tetracycline, trimethoprim–sulphamethoxazole, tigecy-
cline, and colistin (Table S1). In contrast, the remaining 54
K. pneumoniae strains were more susceptible to antimicrobials
than the 12 blaKPC-producing strains. None of these 54 strains
showed resistance to amikacin, imipenem, meropenem, erta-
penem, tigecycline, or colistin, and most of themmaintained high
susceptibility (>70%) to piperacillin–tazobactam, amoxycillin–
clavulanic acid, ceftazidime, cefoxitin, gentamicin, ciproﬂoxacin,
fosfomycin, and trimethoprim–sulphamethoxazole (Table S2).
Whole genome sequencing analysis
Whole genome sequencing produced draft genomes of each of
the 12 blaKPC-producing K. pneumoniae strains. The genomes
were composed of 110–154 contigs, representing a 159–235-
kb N50 fragment with an average contig size of 39–75 kb. All
12 strains were determined to be MLST ST11, based on the
contig assembly data.
The SNPs were detected between each blaKPC-producing
strain and the reference JM45 strain and the different SNPs
between each pair of strains were deﬁned as the SNPs between
each blaKPC-producing strain (Fig. 1a). On the basis of SNPs, a
maximum-likelihood phylogenetic tree was reconstructed, and
the 12 outbreak strains were partitioned into three clades
(Fig. 1b). Clade 1 comprised two strains (K6 and K11), whereas
clade 2 consisted of four strains (K22-1, K22-2, K28-1, and K28-
2) isolated from two separate patients. Clade 3 consisted of thesiella pneumoniae strains
Outcome Isolate number Isolate date Isolate type
fection Died K6 10 November 2012 Blood
fection Discharged K11 30 October 2012 Catheter
fection Discharged K15 23 October 2012 Blood
fection Died K22-1 29 August 2012 Blood
K22-2 20 September 2012 Blood
fection Discharged K28-1 6 September 2012 Blood
K28-2 6 September 2012 Catheter
Discharged K45 30 June 2012 Bile
fection Died K47 13 June 2012 Blood
fection Discharged K48 13 June 2012 Catheter
fection Discharged K49 4 June 2012 Pleural effusion
fection Discharged K50 25 May 2012 CSF
d Infectious Diseases. Published by Elsevier Ltd. All rights reserved, CMI, 21, 1001–1007
FIG. 1. (a) The single-nucleotide polymorphisms (SNPs) numbers between each blaKPC-producing strain. The gradient of blue intensity illustrates the
quantity scale of SNPs. (b) A maximum-likelihood phylogenetic tree was constructed, and the 12 outbreak strains were divided into three clades.
1004 Clinical Microbiology and Infection, Volume 21 Number 11, November 2015 CMIremaining six strains (K15, K45, K47, K48, K49, and K50). In-
spection of the different variants among the 12 strains revealed
that the internal members of each clade were closely related,
and that the diversity between the three clades was high. The
differences in the internal strains of each clade ranged from nine
to 131 SNPs. In contrast, 748–825 SNPs differed between
clades 2 and 3, 1786–1855 SNPs differed between clades 1 and
3, and 2036–2109 SNPs differed between clades 1 and 2.
Plasmid analysis and resistance patterns
All 12 blaKPC-producing K. pneumoniae strains harboured one
or more plasmids that contained several acquired antimicrobial
resistance genes. Apart from the intrinsic resistance gene blaSHV
present in the chromosome, nearly all of the resistance genesClinical Microbiology and Infection © 2015 European Society of Clinical Microbiology and Infectidentiﬁed by ResFinder were located on plasmids. The plasmid-
located resistance genes in all 12 strains included blaKPC-2,
blaCTX-M-65, blaTEM-1B, rmtB, aadA2, sul1, and fosA3. In addition
to these resistance genes, strain K6 had an catA2, and strain K11
had catA2, aac(60)-Ib-cr, and blaOXA-1. Plasmid electrophoresis
by S1 PFGE indicated that strains K15, K22-1, K22-2, K28-1,
K28-2, K45, K47, K48, K49 and K50 harboured a plasmid of
approximately 145 kb, whereas strains K6 and K11 harboured a
plasmid of approximately 170 kb. Additionally, strain K11 had
acquired a plasmid of approximately 90 kb (Fig. 2). Digoxigenin-
labelled blaKPC probe hybridization conﬁrmed that blaKPC was
located on the 145-kb plasmid or the 170-kb plasmid. We also
further analysed the two types of blaKPC-containing plasmids on
the basis of their draft sequences, and found that a sequenceious Diseases. Published by Elsevier Ltd. All rights reserved, CMI, 21, 1001–1007
FIG. 2. Pulsed-ﬁeld gel electrophoresis
proﬁles of S1 nuclease-digested total
DNA from 12 blaKPC-producing Klebsi-
ella pneumoniae strains. Strains K15,
K22-1, K22-2, K28-1, K28-2, K45, K47,
K48, K49 and K50 harboured a plasmid
of approximately 145 kb that contained
resistance genes, including blaKPC-2,
blaCTX-M-65, blaTEM-1B, rmtB, aadA2, sul1,
and fosA3. Strains K6 and K11 har-
boured a plasmid of approximately
170 kb that contained an additional
catA2 gene in addition to those resis-
tance genes found in the 145-kb
plasmid. Additionally, strain K11 har-
boured a plasmid of approximately
90 kb that contained aac(60)-Ib-cr and
blaOXA-1. M, marker.
CMI Jiang et al. ST11 Klebsiella pneumoniae outbreak 1005fragment of approximately 4 kb blanketing blaKPC was 100%
identical at the nucleotide level.DiscussionMolecular typing techniques, such as PFGE and MLST, enhance
the surveillance and control of nosocomial pathogen outbreaks
or dissemination, and reveal details of how these pathogens are
spread [19]. Because of the extensive use of next-generation
sequencing, whole genome sequence diversity has become a
popular and important molecular typing parameter for path-
ogen tracing [4]. Whole genome sequence data can easily
distinguish minor differences between clones, and enable a
deeper understanding of the rules underlying pathogen spread.
Bacteria isolated from sterile samples from infected patients
can be considered to be infectious pathogens. Over the course
of 1 year, 66 K. pneumoniae strains were isolated from a hos-
pital; however, only 12 carbapenem-resistant strains appeared
to represent clonal spread. The remaining 54 strains were
more susceptible; thus, strains with high-level resistance may
facilitate nosocomial dissemination and result in an infectious
pathogen outbreak.
Although the 12 blaKPC-producing K. pneumoniae strains
possessed similar PFGE patterns, the SNP variations in the
whole genome allowed us to divide the strains into three
clades, suggesting that each clade represented a separate
transmission event. The K. pneumoniae genome is composed of
5 Mb of nucleic acids, and thousands of SNPs were detected
between similar PFGE type strains. In some cases, the SNPClinical Microbiology and Infection © 2015 European Society of Clinical Microbiology annumbers representing the presence of different SNPs between
two of the three clades exceeded 2000. However, the SNP
diversity inside each clade was <150. Therefore, we deﬁned a
limit of no more than 300 SNPs between two strains for a
direct clonal transmission event.
Elucidating transmission events between patients on the
basis solely on epidemiological data has proven to be extremely
difﬁcult [20]. Integrating both genetic data and clinical epide-
miological information can help to reveal the transmission
events of outbreak strains. Some of the patients within these
three clades showed overlaps in hospital stay units or time
frames that may have contributed to pathogen transmission
from one patient to another patient (Fig. 3). For example, pa-
tients Pa6 and Pa11 in clade 1 were both present in the ICU for
a long period of time. They shared >2 months of overlap in
terms of hospital stay time, and their sampling time differed by
11 days. In the case of the two patients represented by four
strains in clade 2, one of the patients (Pa22) was admitted to the
ICU, whereas the second patient (Pa28) was admitted to the
emergency ICU. Nonetheless, several doctors are often
exchanged between the ICU and the emergency ICU, and may
have caused the pathogen transmission. Finally, ﬁve of the six
patients in clade 3 were admitted to the neurosurgery
department. The sampling times of these patients were close
(with the exception of patient Pa15), suggesting that a dissem-
ination event occurred within a short period of time. Although
the sampling time of strain K15 was very proximate to that of
K6 and K11 in clade 1, this strain (K15) was still considered to
represent transmission from strains in clade 3, owing to their
high level of whole genome sequence similarity.d Infectious Diseases. Published by Elsevier Ltd. All rights reserved, CMI, 21, 1001–1007
FIG. 3. Timelines of the infectious pa-
tients harbouring blaKPC-producing
strains staying in the hospital. The olive
green rectangle represents the depart-
ment of neurosurgery, the light blue
rectangle represents the intensive-care
unit (ICU), the dark blue rectangle
represents the emergency ICU, and the
dark violet rectangle represents the
department of general surgery. Red
triangles indicate sampling dates. Some
patients overlapped in their hospital
stay units or time frames.
1006 Clinical Microbiology and Infection, Volume 21 Number 11, November 2015 CMIThe acquisition of an extrinsic resistance plasmid was the
driving force behind the acquisition of high-level resistance in
K. pneumoniae. With the exception of the ampicillin resistance
gene blaSHV, K. pneumoniae strains are commonly susceptible to
most antimicrobial agents. However, the 12 outbreak strains
acquired a multidrug resistance plasmid. Screening for resis-
tance genes indicated that all of the strains harboured at least
one multidrug resistance plasmid that encoded at least seven
resistance genes, thereby conferring resistance to cephalospo-
rins, carbapenems, aminoglycosides, and fosfomycin. The plas-
mids harboured by strains K6 and K11 were larger than the
others, and encoded additional genes, such as catA2. Moreover,
strain K11 carried an additional resistance plasmid that encoded
aac(60)-Ib-cr and blaOXA-1. Strain K15 harboured a 145-kb
plasmid, similarly to strains in clades 2 and 3 (not clade 1),
further indicating that this strain was not directly transmitted
from the clade 1 K6 or K11 strain. The genetic environments
around blaKPC in these blaKPC-encoding plasmids were identical,
suggesting that these plasmid types were highly related.
The 12 blaKPC-producing K. pneumoniae strains probably
evolved from a common ancestor. However, their transmission
probably occurred as three separate events, according to the
results of whole genome typing. Transmission events may have
resulted via a more complex route, an intermediate patient, or
an environmental source; these factors require exploration in a
future study.Transparency declarationThe authors declare that they have no conﬂicts of interest.Clinical Microbiology and Infection © 2015 European Society of Clinical Microbiology and InfectAcknowledgementsThis work was supported by grants from the National Natural
Science Foundation of China (No. 81301460, No. 81171615,
and No. 81000756) and the Zhejiang Province Medical Platform
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